The osmY gene, which encodes a periplasmic protein with an apparent Mr of 22,000, is induced by both osmotic and growth phase signals. We demonstrate here that osmY expression is regulated at the level of transcription and that transcription initiates 242 nucleotides upstream Bacteria in nature are exposed to a variety of environmental stresses such as heat, UV radiation, toxic chemicals, nutrient deprivation, and fluctuations in osmolarity. Cells respond to these conditions by inducing the synthesis of specific sets of proteins that are characteristic of each stress (13). These proteins are thought to be important for adaptation to the new environment as well as for protection against future potentially lethal exposures to that stress. The enteric bacterium Escherichia coli is normally found in the gut of vertebrate animals but can also survive and grow in seawater. Both are environments where nutrients are scarce and the osmolarity is high.
Bacteria in nature are exposed to a variety of environmental stresses such as heat, UV radiation, toxic chemicals, nutrient deprivation, and fluctuations in osmolarity. Cells respond to these conditions by inducing the synthesis of specific sets of proteins that are characteristic of each stress (13) . These proteins are thought to be important for adaptation to the new environment as well as for protection against future potentially lethal exposures to that stress. The enteric bacterium Escherichia coli is normally found in the gut of vertebrate animals but can also survive and grow in seawater. Both are environments where nutrients are scarce and the osmolarity is high.
Exposure to high osmolarity induces the expression of many genes or operons (7) and more than 20 proteins (as determined by two-dimensional gel electrophoresis) (4, 18, 22) . Blocking expression of the osmotically induced proteins demonstrates their importance to hyperosmotic stress protection (22) . Normally, E. coli becomes significantly more resistant to extreme osmotic challenge if it is preexposed to a moderate osmotic stress (22) . If protein synthesis is prevented by adding chloramphenicol during the preexposure, the cells do not develop resistance to extreme challenge (22) .
Many osmotically inducible genes have been identified by transposon mutagenesis to create reporter gene fusions. Early studies generated fusions to 3-galactosidase (lacZ) (5, 14) , while recent work has used protein fusions to phoA which are specific for proteins exported to the cell envelope (15, 46) . Genetic loci responsive to hyperosmotic stress are distributed throughout the E. coli genome (7, 15, 46) , raising the question of how these genes are regulated. As yet, no central regulatory protein for the hyperosmotic stress stimulon has been found. Some of the loci within the stimulon are known to be controlled by specific regulatory factors. For example, the kdpABC operon and the ompC/ompF genes are positively regulated by two-component regulatory systems (12, 20, 32-34, 36, 41, 45) .
The expression of the proU operon is increased several hundred-fold by hyperosmotic stress, but no specific trans-acting regulator has been found (10, 19, 30) . Models for proU regulation invoke changes in supercoiling (9, 19) or elevated intracellular K+ concentration as the signal forproU transcriptional activation (23, 37, 38, 42) . Finally, several osmotically inducible genes have been found to respond to a second signal: they are expressed when cells enter or approach stationary phase. These genes are dependent upon rpoS, a sigma factor (43) induced early in stationary phase and required for the expression of a group of carbon-starvation-inducible proteins (reviewed in reference 16). The mechanism of rpoS regulation is unclear. The cellular concentration of RpoS protein does not appear to increase when E. coli is exposed to increased osmolarity, and many rpoS-dependent genes are not osmotically inducible (18) . Thus, within the rpoS regulon there exists a subset of genes which are also induced by increased osmolarity.
osmY was originally characterized as an osmotically inducible gene encoding a periplasmic protein of unknown function (46) . R. Hengge-Aronis and her colleagues independently identified this gene as the carbon-starvation-inducible gene csi-5 (18) . osmY has been shown to be dependent upon rpoS for expression by both osmotic and growth phase stimuli (18) , adding to the list of dual-signal genes that includes otsBA (trehalose synthesis enzymes) (17, 25) , treA (trehalase) (17) , and osmB (an outer membrane lipoprotein) (17, 24) . The rpoS gene product, crs, is required for the expression of these genes and others induced during stationary phase (26, 29) . The requirement may be for direct recognition of promoters by an RNA polymerase in which cs replaces u70 or indirect recognition through ous-dependent synthesis of a positive activator protein.
Understanding how these genes are regulated is fundamental to a comprehensive knowledge of cellular stress adaptation. In this article, we present evidence that osmY is regulated at the transcriptional level by both hyperosmolarity and growth phase signals and that one promoter is responsive to both 1 mM EDTA), heated to 85°C for 5 min, and hybridized at 45°C overnight. Two hundred microliters of S1 digestion buffer (300 mM NaCl, 50 mM Na acetate [pH 4.6], 10 mM ZnCl2) was added to the hybridization reaction mixture and digested with 2,000 U of S1 nuclease (Sigma Chemical Co.) for 15 min at 37°C. Following phenol-chloroform extraction and ethanol precipitation, the digested products were resuspended in loading buffer (0.05% bromophenol blue, 0.05% xylene cyanol, 20 mM EDTA, 95% formamide) and resolved on a 6% polyacrylamide-7 M urea sequencing gel. 32P-labeled ClaI, EcoRV, and HindIll runoff transcripts were used as RNA size markers, and a sequencing reaction using the M13 control DNA and the universal primer from the Sequenase kit (United States Biochemicals) was used as a DNA size marker.
Primer extension analysis was performed with a synthetic oligonucleotide which anneals to osmY transcripts at positions 234 to 263 (Fig. 3 ). Ten picomoles (about 100 ng) of primer was end labeled by using T4 polynucleotide kinase from Pharmacia and 25 pmol of [y-3 P]ATP (3,000 Ci/mmol, 10 mCi/ml) according to Pharmacia protocols. After the unincorporated nucleotides were removed by passing the labeled primer through a G-25 spin column (28), the primer was ethanol precipitated and resuspended in 50 ,ul of RNase-free hybridization buffer (50 mM Tris [pH 8.3], 100 mM KCl). Two microliters (approximately 0.2 pmol) of radiolabeled primer was mixed with 25 ,ug of ethanol-precipitated total-cell RNA which had been resuspended in 8 ,u1 of hybridization buffer.
The mixture was heated at 95°C for exactly 1 min and allowed to hybridize at 50 to 55°C for 30 min. Six hundred units of Superscript reverse transcriptase from Bethesda Research Laboratories was added and incubated at 44°C for 45 min. The RNAs in the samples were then digested with DNase-free RNase for 20 min at 37°C. The extended DNA products were phenol-chloroform extracted, precipitated with ethanol, and resuspended in 5 p.l of loading buffer (0.05% bromophenol blue, 0.05% xylene cyanol, 20 mM EDTA, 95% formamide). The products were resolved on a 6% polyacrylamide-7 M urea sequencing gel. A standard sequencing reaction was performed with the same primer on a DNA template containing the relevant portion of osmY and compared with the primer extension products on the same gel.
Construction of osmY promoter deletions and osmY-lacZ fusion strains. Deletions were generated either by using the Promega exonuclease III/S1 nuclease system on pDY1.4 (46) or by restriction enzyme digestion. Restriction products that had 5' or 3' overhanging ends were converted to blunt ends with T4 DNA polymerase. EcoRI or BamHI linkers were ligated to blunt ends, digested with appropriate restriction enzymes, and ligated to pRS551 or pRS550 (40) .
To generate single-copy fusions on the E. coli chromosome, we modified the method described by T. Elliott (11) for transferring lac fusions onto the chromosome of Salmonella typhimurium. Plasmids containing the osmY-lacZ fusions were linearized by XhoI, electrophoresed on an 0.8% agarose gel, and purified by GeneClean (Bio 101, La Jolla, Calif.). Between 0.5 and 1.0 jig of the DNA was used to transform TE2680 (11) , and the transformants were selected for kanamycin resistance. This strain efficiently recombines linear pRS550-and pRS551-based plasmids into its chromosome, because it carries a recD::TnlO mutation and because it has sequences inserted into the tirp operon that are homologous to sequences in the pRS plasmids. To ensure that the fusion strains were kanamycin resistant as a result of a double-recombination event into the chromosome and not as a result of the recircularization of the plasmids, they were screened for sensitivity to chloramphenicol and ampicillin. Plvir lysates were made from the fusion strains and used to transduce the fusions into MC4100 (6) .
Expression of osmY in a temperature-sensitive rpoD strain. Overnight cultures grown in M9 minimal medium plus 0.2% glucose were diluted to 20 Klett units with fresh medium and incubated at 33°C until they had doubled twice. Cultures were divided into three flasks and incubated under three conditions: no stress at 33°C, a 0.4 M NaCl salt stress at 33°C, and a 0.4 M NaCl stress at 44°C. Timed aliquots were taken from each flask, and alkaline phosphatase-specific activity was assayed.
Enzyme assays. Alkaline phosphatase assays were performed as previously described (46) . ,-Galactosidase assays were performed essentially as described by Miller (31) , except that cell debris was removed by centrifugation prior to determination of A420. Enzymatic activity is presented either as Miller units (31) or as specific activity defined as {A42J[(time of assay in minutes) x (milligrams of protein)]} x 1,000. Protein determination was by the Lowry method (27) using lysozyme as a standard.
RESULTS
The osmY gene is transcriptionally activated. Previous studies in our laboratory have shown that osmY expression increases when E. coli is exposed to high osmolarity or grown in rich medium (46) . In these studies, osmY expression was determined by assaying the alkaline phosphatase activity from the chimeric protein produced from an osmY::TnphoA fusion and by examining the levels of radiolabeled OsmY protein (46) . However, these methods measure gene expression as the sum of transcription and translation and do not reveal whether a gene is regulated at the transcriptional or translational level.
To determine whether osmY is transcriptionally regulated, we constructed an operon fusion in single copy on the chromosome. To achieve this construction, we used vectors pRS550 and pRS551 and strain TE2680. The pRS plasmids contain a promoterless lacZ gene with its own ribosome binding site, ampicillin and kanamycin resistance genes, and strong transcriptional terminator sequences just upstream of lacZ to prevent spurious transcription (40) . Strain TE2680 contains a recD::TnlO mutation and sequences within the tbp operon that are homologous to pRS551 and pRS550 (11) . Mutations (18, 46) . Transcription from the osmY promoter was determined by assaying the ,B-galactosidase activity of the MC4100-based fusion strain under inducing and noninducing conditions. As shown in Fig. 1A, expression 2. S1 mapping of the osmY transcriptional initiation site. Total RNA was extracted from strain MC4100 grown in standard M9 medium (-) or in M9 medium supplemented with 0.5 M NaCl (+). RNA (50 ,ug) was hybridized to an antisense radiolabeled RNA probe generated by T7 runoff transcription and digested with 2,000 U of Si nuclease. The antisense RNA probe was complementary to the first 20 codons of the osmY ORF and 0.6 kb of upstream sequences. The digestion products were analyzed on a 6% polyacrylamide-7 M urea sequencing gel; the gel was then dried and autoradiographed. The DNA marker is a DNA sequencing ladder of the M13mpl8 DNA sequence using the universal sequencing primer. The radiolabeled EcoRV RNA marker was generated by runoff transcription using T7 RNA polymerase on a linear DNA template cut with EcoRV. The major S1 digestion products are indicated. nt, nucleotides.
would be complementary to osmY mRNA. 32P-labeled antisense RNAs were annealed to RNA isolated from cells grown in minimal media, at standard or high osmolarity. The annealed duplex RNAs were then digested with Si nuclease, and the protected RNA fragments were analyzed on a DNAsequencing gel with DNA molecular weight markers and a limited number of RNA molecular weight markers. Protected RNA products were observed only with the RNA samples Primer extension analysis of the osmY transcriptional initiation site. A 32P-labeled oligonucleotide primer complementary to the osmY coding strand was annealed to 50 ,ug of total RNA from strain MC4100 grown in standard M9 medium (-) or in M9 medium supplemented with 0.5 M NaCl (+). The primer was extended with reverse transcriptase, and the products were electrophoresed on a 6% polyacrylamide-7 M urea sequencing gel. The DNA sequencing ladder was prepared by using the same primer to sequence a recombinant plasmid template containing the relevant portion of osmY. The nucleotides that are the start site of transcription are indicated (asterisks). A putative -10 region is also indicated.
isolated from hyperosmotically stressed cells (Fig. 2) . The most prominently protected products migrated slightly above the 300-bp DNA marker. This approximate size of these products suggests that the site of transcriptional initiation is located approximately 250 bases upstream of the osmY ORF (Fig. 2) . Several minor bands are apparent in Fig. 2 , but their intensities are significantly less than that for the major protected product. Assuming that the S1 protection products reflect the amount of osmY RNA present, this result confirms our fusion gene analysis showing that osmY transcription is inducible.
To precisely locate the transcriptional start site, we conducted primer extension analysis on RNA isolated from cells grown in four conditions: minimal and rich media at standard and high osmolarity. A primer complementary to the sequence +234 to +262 (Fig. 3 ) was hybridized to osmY mRNA, extended with reverse transcriptase, and analyzed on a polyacrylamide-urea denaturing gel (Fig. 4) . Very low levels of extension products were synthesized from RNA isolated from cells grown in standard medium. These products could be detected only on overexposed autoradiograms. When cells were osmotically stressed, a very intense extension product was detected (Fig. 4) that the initiation site is 242 nucleotides upstream of the first AUG start codon in the osmY ORF (Fig. 4) . Therefore, the osmY transcript has an unusual, long untranslated region at its 5' end. This result confirms and further defines the approximate mapping position for the transcriptional start site obtained by the SI nuclease mapping. Several very minor extension products were also observed (data not shown).
Analysis of deletions into the osmY promoter. To determine whether more than one promoter exists and to identify the sequences important for osmY promoter function, 5' and 3' deletions around the transcriptional start site identified above were generated by exonuclease III digestion or by cutting DNA at convenient restriction enzyme sites. The deletions were cloned into the pRS550-and pRS55 1-based expression vectors to create lacZ operon fusions. They were then recombined onto the chromosome so that the fusions would be present in single copy. As shown in Fig. 1, 5 ' deletions that extended past -36 to +26 or + 180 essentially abolished transcription. Therefore, promoter activity was associated with DNA proximal to the major transcriptional start site defined by 5' mapping techniques, and sequences downstream of +26 do not have promoter activity. No promoter activity was associated with the 5' ends of the other minor bands observed by Si nuclease mapping and primer extension methods. 5' deletions up to -36 do not significantly decrease the transcription from, or affect the induction of, the osmY promoter. One 5' deletion to -87 did increase expression of the osmY::lacZ gene fusion, but this construct still responded to inducing signals.
Unlike the 5' deletions, some of the 3' deletions had intermediate effects on osmY::lacZ expression. Deleting 3' sequences that were within the osmY ORF, to base +304, did not significantly alter osmY::lacZ expression. However, deletions that were within the untranslated leader region, from +244 to +66, did reduce expression of the fusion genes from 3-to 10-fold, depending upon the location of the 3' deletion. While these deletions decreased overall expression, they were still responsive to high salt concentration or stationary-phase signals. Deleting to -44 completely abolished promoter activity, indicating that no promoter activity exists in the DNA upstream of -44. The combined deletion results indicate that sequences 5' of the designated promoter are not essential for promoter activity or activation while 3' sequences may be required for maximal promoter activity, although they do not alter inducibility. These data further support a model of a single promoter, responsible for both osmotic and growth phase induction, located near the major transcriptional start site defined by 5' transcript mapping. osmY expression does not require a functional if70. Mapping the 5' end of the transcript and deletion analysis allowed us to search for and define a putative osmY promoter. Just upstream of the major transcriptional start site is a potential -10 region, TATATT, that resembles the a70 consensus -10 sequence, TATAAT, at five of six positions. Assuming an 18-bp spacer sequence, the -35 sequence is CCGAGC, which has poor homology to the u70 consensus -35 sequence, TTGACA. au70 the product of the rpoD gene, is the housekeeping (r factor for RNA polymerase during vegetative growth. However, expression of osmY is dependent upon an intact rpoS gene product (Fig. 5) (18) . When the osmY::lacZ fusion was present in MC4100 (HYD205), 1-galactosidase activity was quickly and strongly induced by the addition of 0.4 M NaCl (Fig. 5) . However, when the fusion was transduced into RH90 (MC4100 rpoS359::TnlO [26] ), only a slight increase in 3-galactosidase activity was observed (Fig. 5) . Stationary induction of the fusion was also dependent upon an intact rpoS (data not shown). These results strongly agree with the results obtained by R. Hengge-Aronis and her group, who observed that the expression of csi-5 (osmY) in response to either osmotic or growth phase signals requires rpoS (18) . RpoS is an active RNA polymerase a factor (43) that could be acting directly in osmY promoter recognition or indirectly through synthesis of a positive activator under the control of Eos. In the latter case, osmY expression would require both crs and J70. For this reason, and because of the homology between the osmY -10 region and the cr70 -10 consensus sequence, we wished to determine whether osmY transcription is dependent upon cu70.
An osmY::TnphoA fusion was transduced into UQ285, a strain that contains a temperature-sensitive rpoD. The resultant strain, HYD285, was salt stressed and grown at permissive (33°C) and nonpermissive (44°C) temperatures. As controls, another osmotically inducible fusion,proU::TnphoA, was transduced into UQ285 to produce RB285 and a lacUVS::lacZ operon fusion was transduced into UQ285 to produce HYD503. The in vitro expression of proU is dependent upon a functional "70 subunit (23) . When HYD285 (UQ285 osmY:: TnphoA) was osmotically stressed by the addition of 0.4 M NaCl, alkaline phosphatase activity from OsmY-PhoA increased significantly at both the permissive and the nonpermissive temperatures (Fig. 6 ), indicating that osmY induction was unimpaired by inactivation of o0 at the higher temperature. In HYD285, expression of osmY::TnphoA in standard osmolarity medium was twofold greater than in strain HYD200 (rpoD+ osmY::TnphoA). Although this affected the osmotic induction ratio, the kinetics and overall levels of osmY:: TnphoA expression were not dramatically altered. In the control experiments, expression of proU::TnphoA was induced by salt stress at 33°C but not at 44°C, and expression from the lacUVS promoter could be induced by IPTG at 33°C but not at 44°C (Fig. 6 ). This confirms that uf was inactivated at the higher temperature in this strain. Therefore, a functional a70 RNA polymerase subunit is not required for osmY expression, and it is, therefore, likely that rpoS mediates osmY transcription directly. understanding of the mechanisms involved in this response, we have investigated osmY, a gene that is induced by increased osmolarity and nutrient starvation (18, 46) . In this article, we present evidence that osmY is transcriptionally regulated and that its expression may involve direct interaction between the osmY promoter and RpoS, the putative stationary-phase sigma factor.
Transcriptional regulation was clearly demonstrated by examining osmY transcript levels and by assaying 13-galactosidase activity from osmY::lacZ transcriptional fusions. Our gene fusion results agree with those found for csi-5, a carbonstarvation-induced gene that is allelic with osmY (18) . HenggeAronis and her colleagues found that the csi-5 transcriptional fusion was osmotically and growth phase induced (18) .
Results from this study suggest that osmY regulation is achieved primarily through a single osmYpromoter region that is located between positions -36 and + 1, as shown in Fig. 1 16) . The osmYpromoter appears to belong to the latter category; its expression is dependent upon rpoS (Fig. 5 ) (18) , and it does not have a gearbox promoter.
Thus far, a definitive consensus sequence for rpoS-dependent promoters has not been detected (for a review, see reference 18). In vitro, the rpoS gene product exhibits a activity on a variety of a70-type promoters (43) . One 35 motif, one that is GC rich.
Sequences around the promoter do not appear to affect the regulation of osmY. When sequences 5' to the putative promoter were deleted, osmY was still capable of being expressed and induced. Increased expression was observed for the 5' deletion at -87, but it was still regulated normally. Thus, either a negative regulatory site was removed or a positive acting site was inadvertently constructed. 5' deletions to -36 would have also eliminated a negative acting site, but these deletions had normal levels of expression. Thus, it is unlikely that a negative acting site exists upstream of the promoter. For 3' deletions, the expression of osmY varied significantly, depending upon the location of the deletion. Deletions within the osmY ORF all had approximately equal levels of ,-galactosidase activity, whereas deletions that extended into the untranslated leader sequence had decreased levels of expression. This pattern of expression could indicate that a positive activating site was eliminated by these deletions. Several potential inverted repeat sequences are found downstream of the osmY promoter, which could be a binding site for an activator. However, such an activator would be nonspecific and not involved in osmY signal recognition, since all the 3' deletions from +567 to +66 were still inducible. Another possibility is that constructs within the osmY ORF had an indirect positive effect on the expression of lacZ. Constructs that retain portions of the osmY ORF may have enhanced lacZ translation by increasing the local concentration of ribosomes near the lacZ ribosome binding site. Those deletions that extended into the untranslated leader sequence would not have actively translating ribosomes and would not have this activating effect. Finally, removing sequences within the untranslated leader could remove sequences important for osmY mRNA stability. As mentioned above, several inverted repeat sequences are located within the untranslated region; these could form stemloop RNA structures that help stabilize osmY transcripts. Deleting these sequences would decrease translation of osmY without affecting induction. Therefore, sequences in the untranslated leader may be involved with maximal expression but not with induction.
If RpoS directly interacts with a single osmY promoter, how do the two different signals induce osmY expression? During nutrient starvation conditions, osmY expression could be induced by increased levels of as. This would be similar to the mechanism used by several heat shock response genes whose expression is dependent upon the concentration of the heat shock sigma factor cH (reviewed in reference 35) . Under most conditions in strain MC4100, expression of osmY gene fusions parallels the expression of an rpoS::lacZ gene fusion; both are induced in rich medium as cells enter stationary phase, both are induced when yeast extract is the sole nitrogen source in M9 mineral medium, neither is induced at stationary phase when cells are grown in M9 mineral medium, and neither is induced by ammonia starvation (26, 46 ; our unpublished results). Thus, conditions that induce rpoS also induce osmY. However, osmY expression increases with hyperosmotic stress, while the level of RpoS protein apparently does not (18) . To induce osmY under hyperosmotic conditions, a mechanism similar to that used byproU (reviewed in reference 8) could be used. Specifically, osmY could be activated by changes in K+ levels or supercoiling without the need to increase RpoS concentration. Finally, RpoS could be modified during hyperosmotic stress so that its affinity for certain promoters, such as osmY, osmB, and otsBA, is increased.
This study suggests that as is the principal regulator for osmY expression during osmotic stress and entry into stationary phase. Additionally, we have found that osmY expression is regulated primarily by a single promoter and that this promoter does not require a functional &r70. Therefore, the molecular mechanism that us utilizes to induce osmY may be to directly recognize and transcribe the osmY promoter. Clearly, more studies are warranted to understand the exact molecular mechanisms of this regulation.
